The structure and energetic properties of four common oxazine dyes, Nile red, Nile blue A, Cresyl violet, and Brilliant cresyl blue, have been probed using a combination of infrared multiple-photon dissociation (IRMPD) spectroscopy and quantum chemical calculations. IRMPD spectra of the protonated dyes, as generated from an electrospray ionization (ESI) source, were collected in the range of 900-1800 cm
Introduction
Over the past ten years, interest in the fluorescent properties of molecular ions in the gas phase has grown substantially. Pioneering investigations by several research groups 1-5 have shown that some remarkable differences in absorption and emission maxima, quantum yield, and excited state lifetime can exist between a bare fluorophore in the gas-phase and its solvated counterpart. For instance, the fluorescence maximum of gaseous rhodamine 6G (R6G), a dye not typically described as being sensitive to the polarity of its environment, 6 was observed to be blue-shifted by 50 nm with respect to its solvated state. 7 Fluorescent resonant energy transfer (FRET) has also been successfully demonstrated in the gas-phase, 8 and more recently, the effect of donor-acceptor distance and ionic charge state of doubly labeled polyproline on FRET efficiency has been investigated. 9 Gas-phase fluorescence studies give direct insight into the intrinsic spectroscopic properties of an ion. However, most fluorophores do not necessarily retain their fluorescent properties upon transfer to the gas-phase. The direction and magnitude of shifts in absorption and emission wavelength maxima, as well as in quantum yields, can be quite unpredictable and are often due to conformational changes within the fluorophore upon desolvation and ionization. A definitive structural description of a gaseous fluorophore is essential for the prediction of the associated fluorescent properties.
While the measurement of these fluorescent properties themselves can reveal structural information about an ion, this method of analysis is less than helpful when no fluorescence can be observed. Quantum-chemical calculations of ion structure and energetics can provide insight into the expected gas-phase behavior and help direct future experiments, but it is essential to have experimental data to compare against. Unexpected results, such as the trapping in local minimum structures due to a large kinetic barrier, [10] [11] [12] [13] [14] or the presence of a kinetically inaccessible structure thanks to a catalyzed rearrangement, 15 can often surface in the dynamic process of ion desolvation. Infrared spectroscopy of mass-selected ions provides a means by which the isomeric-tautomeric composition of a population of gaseous ions can be determined with high confidence. In order to aid gas-phase fluorescent measurements, we investigate here several potential fluorophores using IR multiple photon dissociation (IRMPD) action spectroscopy. The oxazine family of dyes constitutes a widely used set of fluorescent stains in modern biology and histology. For instance, one notable member, Nile red (NR) is a commonly used probe for the investigation of many chemically important systems, and has been studied extensively both experimentally 16 and theoretically. 17 Despite its well-characterized fluorescence in solution, NR has eluded all attempts to observe its gas-phase fluorescence. When multiple protonation sites exist, as is the case for NR, knowledge of the true structure of the gaseous protonated fluorophore is indispensable for interpretation of gas-phase fluorescence data. Vibrational fingerprints of protonated NR, as well as the structurally similar cationic oxazine dyes Nile blue A (NB), Cresyl violet (CV) and Brilliant cresyl blue (BCB), allow for the identification of the protonation site in NR and vibrational band assignments based on experimental data.
Methods

Ion generation
While NB (Fluka Chemie AG, Switzerland), BCB (Fluka Chemie AG, Switzerland) and CV (Acros Organics, Belgium) were obtained in their protonated form as acetate or perchlorate salts, NR (Acros Organics, Belgium) is sold in its free-base form. Determination of the gas-phase protonation site of NR by electrospray ionization (ESI) is one of the main goals of this study. The dyes were prepared as B0.5 mM solutions in methanol (99.8% Acros Organics, Belgium) acidified with about 5% acetic acid to aid in the protonation of the dye. A Waters Z-Spray source was used as electrospray source (flow rate 10 mL min À1 , needle potential 2.5-4 kV), with the entrance cone of the mass spectrometer biased to 50-100 V.
IRMPD photodissociation experiments
IRMPD spectra were recorded at the FELIX facility 18 in The Netherlands. Only a brief description of the setup will be given since a detailed description has been previously reported. 19, 20 Ions are accumulated in a linear hexapole ion trap before being injected into a Fourier transform ion cyclotron resonance (FTICR) mass spectrometer. Ions of interest were isolated using a waveform generated from the inverse Fourier transform of an ejection window defined by the user in the frequency domain (SWIFT). 21 After isolation, radiation from the free electron laser (wavelength tuned between 900 and 1800 cm À1 , pulse energies ranging from 10-30 mJ) was introduced into the ICR cell for 3.5-5.3 seconds to induce fragmentation. Subsequently, an excite/detect event was used to collect a transient signal from the FTICR MS. For statistical purposes, this procedure was repeated three times at each irradiation wavelength and the transients from the three measurements were co-added before Fourier transformation to generate a mass spectrum. The extent of fragmentation was quantified by calculating the fragment ion yield,
where P I fragments represents the integrated intensities of all fragment ions and I parent represents the intensity of the remaining parent ion within each mass spectrum. This procedure ensured that variability in the initial parent ion number density before irradiation was accounted for. The fragment ion yield was then plotted as a function of laser wave number, with a resolution (step size) of around D n = 5 cm À1 . The frequency was calibrated using a grating spectrometer and the dissociation yield was normalized for laser power fluctuations, assuming linear power dependence, as described previously. 22 
Computational details
To aid in structural and vibrational assignments, electronic structure calculations of the ions were performed using Gaussian 03. 23 All geometries were optimized and harmonic vibrational frequencies calculated at the B3LYP/6-311+G(d,p) level of theory, a combination that is commonly used to predict the energetics and vibrational frequencies of small ionic species. In order to account for known deficiencies resulting from the use of a simple harmonic oscillator approximation and poor descriptions of long-distance electron correlation, a scaling factor of 1.0102 was used for calculating the relative change in Gibbs free energy of protonation (DDG) for all compounds. In addition, a scaling factor of 0.9679 was applied to all calculated vibrational frequencies 24 for the generation of simulated IRMPD spectra. For direct comparison to the measured IRMPD spectra, the frequency-scaled calculated vibrational line spectra were convoluted using a Lorentzian line shape function with a full width at half maximum (FWHM) value of 30 cm À1 . To gain insight into the thermochemical landscape of the protonation of NR, solution-phase electronic structure calculations using a Polarizable Continuum Model (PCM) 25 for methanol and the B3LYP/6-311+G(d,p) level of theory were also performed. In order to quantitatively assess the degree of agreement between the experimental and calculated spectra for various isomers, a correlation parameter, C, was defined,
where IRMPD( n) is the measured ion fragment yield at a given wave number, n and Calc( n) is the intensity from the convoluted spectrum calculated for a particular isomer (where both experimental and theoretical spectra are normalized to one before applying eqn (2)). In standard statistical nomenclature this is referred to as the sum of squared residuals and the smaller this value, the better the agreement between the measurement and the model used to describe the system being investigated.
Results and discussion
Structure assignment
The Lewis structure and calculated lowest energy structure for each of the oxazine dyes are shown in Fig. 1 , where NR (I) is in its neutral state, while the other dyes are protonated at the site as indicated for the salt by the manufacturer. NB (II), CV (III) and BCB (IV) are therefore expected to assume the protonated structures displayed in Fig. 1 . Comparison of experimental IRMPD and DFT computed spectra for these dyes can be used as a 'benchmark', verifying our approach to determine the site of protonation in NR. For NR, protonation likely occurs either on the carbonyl oxygen (V), oxazine nitrogen (VI), diethyl amine nitrogen (VII), or oxazine oxygen (VIII), as shown in Fig. 2 .
By comparing the experimental IRMPD spectrum of protonated NR to spectra calculated for geometries V through VIII, the equilibrium gas-phase structure of this oxazine dye is determined below.
3.1.1. Protonated Nile red. The relative energetics of the structures resulting from protonation of NR at each of the heteroatom sites was explored computationally (see Fig. 3 ). Geometry optimizations were performed both for the isolated (gas-phase) molecule as well as for the molecule in a simulated methanol solution (solution-phase structures not shown) using the PCM method as implemented in Gaussian03. 23 While the structure of each of the protonation isomers (tautomers) does not change significantly between the two computational models, the relative Gibbs free energy of protonation, DDG pro , is noticeably affected. In the gas phase, tautomers with the highest degree of charge delocalization are favored. Especially in the carbonyl oxygen protonated form (V), conjugation delocalizes the charge over the carbonyl oxygen and the diethyl amine nitrogen, thus spanning the entire molecule (see Fig. 2 ).
In the next lowest tautomer VI, the oxazine nitrogen becomes conjugated with the naphthalene moiety, delocalizing the charge over this side of the molecule. In contrast, the quaternary amine formed by protonation at the diethyl amine nitrogen in structure VII strongly fixates the charge at this nitrogen atom, while protonation on the oxazine oxygen in VIII tends to fixate the charge at this O-atom.
As seen in Fig. 3 , interaction with methanol in solution efficiently delocalizes the charge stabilizing, especially the tautomers with a localized charge in the isolated molecule. In other words, the solvation energy is much higher for diethyl amine-protonated (VII) and oxazine-O protonated (VIII) structures as compared to structures V and VI, in which the charge is already partially delocalized in their unsolvated form. However, no reordering of the isomers in terms of DG is predicted, but it is interesting to note that solvation makes the diethyl amine protonated isomer nearly as ergonically favorable as the N-oxazine protonated form. Despite this significant stabilization effect in solution, it was expected that protonation would take place at the carbonyl oxygen since both solution-and gasphase calculations predicted this form to be at least 24 kJ mol À1 lower in energy than any other structure found. Rotational isomers with energies within 10 kJ mol À1 of that of the lowest energy structures were found; however, their calculated vibrational frequencies were essentially identical to those of the structures displayed in Fig. 3 , and therefore do not influence our search for the site of protonation and hence are not further considered.
Upon irradiation of trapped and thermalized protonated NR at various infrared wavelengths, the primary dissociation channel of the [M + H]
+ ion was the loss of 44 Da. This corresponds to the loss of a C 3 H 8 unit via a 1,2-elimination within the diethyl amine group, which was confirmed by accurate mass data obtained in a collision-induced dissociation (CID) experiment, where the mass of the neutral loss was established as 44.0626 Da (data not shown). These results are consistent with those observed for the low-energy CID of protonated diethyl amine as reported by Reiner et al., 26 wherein the only alkyl loss observed was that of C 3 H 8 . Since both low-energy CID and IRMPD typically lead to fragmentation via the lowest energy dissociation channel, we conclude that the neutral loss fragment observed in our IRMPD experiments corresponds to C 3 H 8 . By comparing the calculated vibrational spectra of the various isomers of protonated NR to the experimental IRMPD spectrum, the site of protonation can be identified, which confirms the prediction derived from the thermochemical calculations. As seen in Fig. 4 , all vibrational bands and features observed in the measured IRMPD spectrum match the features seen in the spectrum calculated for V, while 4 Experimental IRMPD spectra of protonated Nile red and the four calculated IRMPD spectra corresponding to structures V-VIII (see Fig. 2 ). All frequencies were scaled by 0.9679. Dashed lines coincide with the peaks of the IRMPD spectrum and are meant to guide the eye. The calculated correlation parameter is indicated for each isomer. significant deviations are observed between the IRMPD spectrum and the spectra calculated for VI-VIII. This observation is supported by inspection of the correlation parameter C, which is smallest for the spectrum predicted for the thermodynamically favored isomer V.
The high degree to which the IRMPD spectrum matches the calculated spectrum for V gives us confidence that the method and basis set chosen for this study were appropriate. For the most intense bands identified in this spectrum, vibrational mode assignments are given in Table 1 . Of these bands, the CH 3 rock at 1075 cm À1 and the coupled C-C and C-H bending modes of the rings around 1100-1350 cm À1 act as useful diagnostic bands and a point of comparison to the other oxazine dye systems studied (discussed below in Sections 3.1.2 and 3.2). 3.1.2. Nile blue A, Cresyl violet and Brilliant cresyl blue. Since NB, CV and BCB dyes were obtained as salts, the protonation site was assumed to be that indicated by the manufacturer, which corresponds to the lowest energy structure in all cases. Despite this, several interesting observations can be made based on the measured IRMPD spectra, accessible fragmentation pathways, as well as the general agreement between the experimentally recorded spectra and the calculated counterparts. The only isomers that were expected to exist were the rotational isomers associated with the amine or diethyl-amine moieties. Similar to protonated NR, calculated spectra for such conformers did not provide evidence that their presence inside the FTICR would alter the recorded IRMPD spectrum (i.e. no significant changes in the calculated vibrational band positions). As seen in Fig. 5 , the vibrational bands observed in the recorded IRMPD spectra and those predicted by convolution of the calculated line spectra (FWHM = 30 cm À1 ) are in reasonably good agreement. The most intense vibrational bands identified for these compounds are also given in Table 1 .
Some deviations between experimental and calculated spectra appear to be observed for Cresyl violet and Brilliant cresyl blue, particularly in the low intensities observed at frequencies above 1400 cm À1 . The calculated correlation parameters are indeed somewhat higher than for the other systems. We therefore investigate CV in more detail here by comparing its experimental spectrum to spectra calculated for all four conceivable protonation tautomers (see Fig. 6 ). However, in terms of band positions, we conclude that the spectra calculated for structures protonated at the oxazine nitrogen (b), amine nitrogen (c) and oxazine oxygen (d) do not provide a better match than that for the structure protonated at the imine nitrogen (a). Moreover, these alternative structures (b-d) are all more than 100 kJ mol À1 higher in energy, which is due to their lower degree of charge delocalization, as was also found for Nile Red. We therefore conclude that structure a must be the correct one and that the calculated correlation parameter C does not provide a good guide in this case. It appears though that the anomalous values of C are induced by deviations in relative band intensities rather than by deviations in band positions. Below, we argue that the intensity deviations are introduced by the experimental method used. As for protonated NR, the main dissociation channel observed for the diethyl-amine containing compounds NB and BCB was the loss of C 3 H 8 via a 1,2-elimination within the diethyl-amine moiety. CV on the other hand does not contain a diethyl-amine moiety (Fig. 1) and exhibits loss of NH 3 as its lowest energy dissociation pathway. Experimental insight into the relative energetics of the fragmentation pathways for these oxazine dyes was obtained from a comparison of the IRMPD ion yields observed for the set of dye compounds. In the case of CV, longer irradiation times (5.3 s) were required to generate the IRMPD spectrum shown in Fig. 5 . Although all ion yields in Fig. 5 have been normalized to 1, the absolute yield was much lower for CV than for the other dyes, indicating a higher energy fragmentation for this species. We suspect that this causes the larger discrepancies between the calculated and experimental spectrum for CV. The higher barrier to dissociation is suspected to increase non-linearities in the IR induced dissociation efficiency, arising from the threshold below which no dissociation is observed [27] [28] [29] (the typical behaviour is sketched in Fig. 6e ). Towards higher frequencies, where the pulse energies of FELIX gradually decrease, the linear power correction applied to the IRMPD yield is no longer adequate (see Fig. 6e ) and vibrational bands therefore appear attenuated. Finally, a general mismatch between calculated and measured intensities is observed for the feature near 1150 cm
À1
for NR, NB and BCB. We suspect that some saturation occurs (due to strong depletion of the ion cloud) on the strongest features in the spectra between 1200 and 1400 cm À1 , so that the 1150 cm À1 feature appears too intense in the experimental spectra. It is also of interest to compare the experimental spectra of this family of structurally related dyes among each other, which can be used to confirm the assignments made based upon the comparison with calculated spectra. The benefit of this type of analysis is that no speculation related to the use of frequency scale factors is necessary. Fig. 7 presents a comparison of the experimental IRMPD spectra collected for the four oxazine dyes, where the red dashed lines are meant to help guide the eye. Descriptions of the observed vibrational bands are given in Table 1. IRMPD spectra collected for this series of structurally related dyes are dominated by delocalized normal modes pertaining to various ring and substituent vibrations, but show many View Article Online important differences which are useful for structural assignment. In the case of CV, which contains no diethyl amine moiety, the lack of a band at 1075 cm À1 that is clearly visible in the other three spectra turns out to be a useful diagnostic. Thus, the bands close to 1075 cm À1 are assigned as CH 3 rocking modes of the diethyl amine moiety, in agreement with the vibrational assignments suggested by the calculated spectra for these systems. In addition, the spectrum of CV does not exhibit any features in the 1300-1400 cm À1 region, which can also be attributed to the diethyl amine moiety found in the other three structures. Upon inspection of the calculated spectra, it is confirmed that the bands observed in the spectra of protonated NR, NB and BCB between 1325 and 1370 cm À1 arise from a coupling of various in-plane CH bends of rings with the CH bends/rock of the diethyl amine moiety. For this reason, NB and protonated NR produce similar vibrational activity in this region while BCB, the only phenoxazine in the series, exhibits a band that is blue shifted by about 40 cm À1 . From a close comparison of experiment to calculation, a mixed-character band including various CH bending and OH or NH 2 rocking motions was identified at 1122 cm À1 . Again, the different ring structure of BCB induces a blue shift of about 20 cm À1 .
Conclusion
IRMPD spectra for cationic Nile blue A, Cresyl violet, Brilliant cresyl blue and protonated Nile red in the range-of 900 to 1800 cm À1 were recorded. From a comparison of the measured IRMPD spectrum to various calculated spectra, the site of protonation of Nile red was confidently determined to be the carbonyl oxygen, in agreement with thermochemical calculations. Band assignments of several features in the spectrum are consistent with a comparison with the experimental spectra of structurally similar dyes, as well as with the calculated spectra. Although it is now clear that ionization of NR via electrospray results in the protonated form, V, further experimental and theoretical study will be required to determine if the loss of fluorescence of NR upon transfer to the gas phase is due to desolvation or to the addition of charge through protonation. Knowledge of the gas-phase conformation of protonated NR will simplify calculation of the adiabatic electronic excitation energies and allow for a meaningful computational investigation of this system.
